The paper deals with various kinds of converter topologies and their performances suitable for SRG operation. For each topology the equivalent circuit, mathematical model and simulation waveforms of phase variables are given. At the end of the paper the performances of individual converter topologies are compared and recommendations for their employment are given.
INTRODUCTION
Switched reluctance (SR) machines belong to the machines which are obviously called electronically commutated machines. It means that they are not able to operate on the rigid grid with a constant voltage and frequency, but they need to cooperate with converters. Therefore it is very important to investigate how a converter topology influences the performances of this machine operation [1] .
At present various kinds of converter topologies are known for switched reluctance motor (SRM) operation. Many of them are described in [2] [3] [4] , but not all are suitable for switched reluctance generator (SRG) operation. In this paper detailed analyses of those, which are suitable for the SRG operation are given.
As it is known, a motoring torque is developed during the period of inductance increasing and generating torque during the period of inductance decreasing. However during the generating period in a generator operation there are defined excitation and generation periods. The excitation period is between the θ on and θ off in Fig. 1 , during which the phase is excited from a dc source (or from a capacitor), or in the next cycle the generated energy of the SRG is utilized for its own excitation. Then there is a generation period, between θ off and θ ext , during which electrical energy is generated and delivered to the load [5] . As it can be seen in Fig. 2 , the values of θ on and θ off are very important variables affecting output parameters of the SRG.
The converters employed for SR machines are obviously divided according the number of switches, usually transistors, per phase. If the phase number is m, then there are converters with eg m, m + 1 , 1.5m, 2m switches. However there are more details which can be important for the converter's evaluation, and then converters can be called as: converter with neutral point of the source, converter with a capacitor, converter with bifilar winding, and converter with controlled dc bus voltage. All these converters suitable for the SRG operation, will be analyzed in greater details and their performances will be compared.
MATHEMATICAL MODELS AND SIMULATION WAVEFORMS

Mathematical model of the 2m converter (C2m)
As it will be seen below, the 2m converter gives most favorite performances, the equivalent circuit in single and three phase configuration of which is shown in Fig. 3 . To present how the procedure of the simulation will be carried out, this converter is analyzed in greater details.
The equivalent circuit is a base for a mathematical model, needed for simulation. In Fig. 3a there are seven unknown variables for which seven equations have to be written. Four of them, for current and voltage phase values, must be written extra for each phase
i in = i ph , if S1 and S2 are switched on, 0 at least one of S1, S2 is switched off.
i out = i ph , if S1 and S2 are switched off, 0 , at least one of S1, S2 is switched on.
(3)
+v dc , if S1 and S2 are switched on, −v dc , if S1 and S2 are switched off, 0 , if only one of S1, S2
is switched on or i ph = 0 ,
where i in is a total current during the period of excitation, and i out is a total current during the period of generation.
The further three equations are common for all phases or better to say for the whole generator, and are for capacitor current i c , load current i L and dc voltage v dc .
The definitions of i in and i out are seen in Fig. 4 and in (8) and (9) .
By means of i in and i out two important parameters (see (10) and 11)) which will be evaluated for all converters, are defined. The first is an excitation factor ε and the second power output P out . It is seen that excitation factor should be as small as possible by small value of I in and big value of I out . Besides, the big difference between them will give higher value of output power. Therefore both values are important for the converter evaluation. Before simulation waveforms and the results will be given, the control strategy, how to get a required torque and power, will be explained.
Simulation waveforms of the 2m converter (C2m)
The mathematical model from Section 2.1 was applied and a block diagram (see Fig. 5 ) for SRG simulation was created. The simulations were done for a SRG, which was originally manufactured as a SR motor with the followed rating: 3.7 kW, 3 000 rpm, 540 V. The input static parameters of all SRG mathematical models are obtained by means of FEM and they are verified by measurements. In greater details it can be found in [6, 7] and the basic SRG parameters are as follows:
Input parameters for single-pulse operation are V dc , ω and θ off . The angle θ on is generated by PI regulator, which compares the required and real value of the dc voltage. If the power on the load p out L and output power p out is equal, the v dc is constant and generator is in steady state condition. In Fig. 6 it is seen that the output power can be the same at various values of excitation parameters. In general, the power increases with increasing of the excitation period θexc = θoff − θon , but only to a specific value corresponding to the RMS current limit. In Fig. 7 there is seen excitation period and phase current vs θ off and P out at 3 000 min −1 and v dc = 300 V. The output power was changed by the load resistance changing. It is seen that by a given output power, θ exc and mainly I RMS achieve their local minimum on a specific range of θ off and this is important for design of converter VA rating. The local minimum of the θ exc is at θ off = 36 ÷ 40
• , the local minimum of the current is at the θ off = 30÷34
• .
The block diagram for the multi-pulse operation differs from Fig. 5 only in the input parameters, where is also θ on . The PI regulator comparing the required and real value of the voltage generates the required value of the current. The both switches are switching simultaneously on and off with hysteresis 2 A. Simulated waveforms of inductance, current, voltage, switch pulses and DC voltage gained by the converter 2m, are in Fig. 8 .
Converter with a neutral point of the source (Cnps)
In Fig. 9 there is a two-phase converter with a neutral point of the source (split DC supply converter-is its name for the motoring operation), which is suitable for SRG operation because it enables energy regeneration to the DC source. In fact, it is one switch per phase converter. This converter must have an odd phase number. Its advantage is its possibility of current overlapping and employing of the whole torque zones. Its disadvantage is that it is not possible to apply zero voltage, only either positive voltage from one capacitor, or negative from the other. It is controlled only by hard switching, what increases switching frequency and switching losses.
A complete mathematical model would consist of 14 equations for 5 voltages and 9 currents from the circuit in Fig. 9 . Here only basic the differential equations for both phases are given.
with capacitors currents where transistor current i T 1 , (i T 2 ) is equal to the current of the corresponding phase if the transistor is switched on, otherwise is zero, diode current i D1 (i D2 ) is zero if the transistor with the same symbol is switched on, otherwise is equal to the phase current. The voltages can be expressed as follows
The load current is determined by the voltage on the load and its resistance
where load voltage is given by the sum of the voltages of both capacitors
To be able to compare the simulated values and important parameters with other converters, a four phase version will be introduced and analyzed. The capacitor C1 excites two phases (A and B ) and accumulates the energy from the other two phases (C and D ). The phases can be excited in
what is a case of the following simulations.
In Fig. 11 there are waveforms of four phase converter with neutral point of the source. Its further important performances will be compared with other kinds of converters below.
Converter with dump-capacitor (Cdc)
A model of a single phase converter with dump-capacitor C d is in Fig. 12 and its complete mathematical model is as 
And currents of elements of pulse converter Fig. 12 . Single phase version of the converter with capacitor 
The last three equations describe capacitor current, load and DC voltage and are derived from Fig. 12 .
In Fig. 13 there are simulated waveforms of the important variables. It is seen that the currents are overlapped. The voltage has been controlled on the 600 V with hysteresis ±10 V, what is double of v dc = 300 V. A disadvantage of this converter is fact that the commutation of the currents depend on the difference be-
In Fig. 14 there is an equivalent circuit of the converter with bifilar winding.
A mathematical model must take into account that a ratio of the number of turns of both parts of the bifilar winding is in general " a". An equation for primary part of the bifilar winding (subscript " p")
where L bif is self-inductance of the primary part of the bifilar winding. In the equation for secondary winding (subscript " s") of the bifilar winding is taken into account that its phase inductance is inversely proportional to the a
Voltage equations are
The ratio of the number of turns of primary and secondary winding a has a significant influence on the current values in both parts of bifilar winding at the T 1 switching. If T 1 is switched on, i as is zero, at the instant of the T 1 switching off, the value of i as is changing from zero to the value of i ap a, and at the instant of the T 1 switching on is changing to zero. If T 1 is switched off, the i ap is zero and at the T 1 switching on is i ap changing from zero to i as /a and i as is changing to zero (see Fig. 15 ). Then it can be written shortly: A capacitor current will be a difference between the currents of both parts of winding and load current
At the end, the equations for load current and DC voltage are as before
In Fig. 15 there are simulated variables of the three phase SRG with bifilar winding, if the ratio of the turns number is a = 0.5 . The DC voltage was kept at 300 V. The phase currents can be overlapped because this converter has no common switch and current control is independent. On the waveforms of the inductances is seen that self inductance of the primary winding L bp , when T 1 is conducting is 1 4 of the self inductance of the secondary winding L bs , when D 1 is conducting. There is also seen that at the switching over T1 are currents and voltages always in the ratio of " a". Preferable is a < 1 , because the primary winding is excited in very short time, what results in reduction of losses and excitation factor ε . On the other side there is a higher voltage loading of a diode and secondary winding.
Converter with variable DC link (CvDC)
In Fig. 16 , there is a simplified equivalent circuit of one phase of a converter with variable DC link. The basic principles of operation can be explained on the base of this figure.
During an excitation T 1 is switched on, current flows through phase winding A, T 1 and C b . Equations for currents i T 1 , i D1 and a differential equation for the current i ph are identical with (1), (2), (3) 
where 
The first derivation of the of the C b voltage is directly proportional to its current
which is a sum of the currents through the inductance L b , capacitor C , load and phase winding Simulations have been carried out at the voltage v dc = 300 V, as before. The transistor T b of the pulse converter has been controlled on the base of PWM modulation to the output voltage v i = 600 V, to be able to see a difference to asymmetrical converter (Fig. 17) . In Fig. 18 there are simulated waveforms for the investigated SRG at 10 000 rpm. The speed is higher than its rated speed 3 000 rpm to show its advantage in this speed region. It is seen that the phase is active during the whole period of the phase current. Because magnetic flux arises faster at the higher excitation voltage v i , the ratio of the θ gen θ exc is approximately 2 and is identical with the ratio of the v i v dc .
THE COMPARISON OF THE ANALYSED SRG CONVERTERS
A comparison can be made in a table (see Table. 1) or in graphs (see Figs. 19-23) .
In Fig. 19 there is output power vs speed for investigated SRG converters, in As it is seen in Fig. 19 the output power increases linearly up to the base speed what is around 3 000 rpm. This is in coincidence with the theory of operation on the constant torque and constant power. Then the SRG is in single-pulse operation where the region of constant power is quite narrow and the output power decreases with the speed.
In Figs. 20 and 21 there is apparent power vs speed and vs output power, respectively. At the first one there is seen that the apparent power decreases with the speed but there are big differences between particular topologies. The higher power is required at the topologies where only one common switch transmits energy, excited or generated one, or if its voltage is higher than v dc . The higher apparent power is caused also by multi-pulse operation because it increases effective current through switches. At the second one there is apparent power vs. active power. As it is known, the better is lower ratio of the S/P out . Therefore more suitable converters have their curves on the right side on the bottom. The most unsuitable converter is that with a capacitor, the power of which is 2 times more than that of 2m converter. The converter with variable DC link is suitable for increasing of the power at speed higher than base one. If the active power is increased by some tens of percent, the apparent power is increased by many times more because of higher voltage loading of the switches.
In Fig. 22 there is a factor of excitation ε , which expresses the reactive power in the circuit of SRG. Therefore it will have a big influence on the winding losses. The higher ε , the higher magnetizing power is needed for a phase to be able to get the same output power. This definition is generalized for all converters, also for those which have different voltage during excitation V exc and during generation V gen . Then the factor will be defined as follows
In Fig. 22 there is seen that ε decreases with the speed and in one-pulse operation has the values around 0.26 till 0.3 (it is not true for the converter with the lower number of switches than 2m, because there exist mutual influence between the currents). The values of ε in single-pulse operation in fact do not depend on the kind of converter, only on the geometrical dimensions of the SRG, such as air gap, material of the magnetic system, and inductance ratio. In Fig. 23 there is power factor vs speed for investigated SRG converters. The power factor (PF) is evaluated on the base of the next expression
It is seen that the PF approaches the values of 0.45 .
A CHOICE OF THE SUITABLE CONVERTER TOPOLOGY
On the base of findings given in this paper some recommendation can be made for the choice of suitable SRG converter topology. Criterion for the choice could be: output power, speed, price of the converter (according the apparent power), or efficiency of the operation (according the PF). The classical 2m converter is most suitable for the lower speed till the base speed with regard to the power and efficiency. If the phase number is even, it would be enough also the converter with neutral point of the source.
For the high power at the speed above the base one, it is suitable to employ the converter with variable DC link, at the price of increasing of apparent power and decreasing of efficiency by adding some other elements. If the speed is some multiple of the base speed, the converter with bifilar winding is more suitable. But this converter is more demanding for the manufacturing because it requires a high quality of a magnetic link between the primary and secondary windings.
The converter with variable DC link has an advantage in comparison with the 2m converter because its electromotive force (induced voltage v i ) can be adjusted with speed what enables to adjust the output power. The power is at the constant speed directly proportional to the torque and this is proportional to the magnitude of magnetic flux linkage ψ . This magnitude is proportional to v i and the instant of switch on, it means at the constant speed to the θ exc .
In Fig. 24 there is seen magnetic flux linkage of the converter with variable DC link at v i = v dc (ψ 1 ), and
In Fig. 25a there is comparison of simulated energy conversion loops of the three phase 2m converter and converter with variable DC link at V dc = 300 V, I rms ≤ 10 A, and v i = 2V dc and v i = 3V dc . At each curve is put also the output power. It is seen that at 10 000 rpm the power does not increase very much if v i changes from 2V dc to 3V dc because the current was limited to 10 A. But the apparent power has been increased by 30.7 %. In Fig. 25b , at the 20 000 rpm the power has been increased by 23.3 % and apparent power by the 57 %. The conclusion is that it is not suitable to increase the v i to the higher value because the apparent power is enormously increased.
CONCLUSION
On the base of the analysis and discussions made in this chapter it can be observed that most favorite is 2m converter (C2m), because it has universal advantage from the point of view of output power, efficiency, phase number and controllability and has not very distinctive disadvantage.
On the other hand it can be concluded that it is not very suitable to employ the converter with capacitor, because it has very high apparent power. This kind of converter is very favorable at motoring operation at high speeds, at which its advantage is the controllable phase voltage at the decay of phase current (at regeneration). 
